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Abstract
Carbonaceous aerosols impact climate directly by scattering and absorbing radiation,
and hence play a major, although highly uncertain, role in global radiative forcing. Com-
monly, ambient carbonaceous aerosols are internally mixed with secondary species
such as nitrate, sulfate, and ammonium, which inﬂuences their optical properties, hy- 5
groscopicity, and atmospheric lifetime, thus impacting climate forcing. Aircraft-aerosol
time-of-ﬂight mass spectrometry (A-ATOFMS), which measures single-particle mixing
state, was used to determine the fraction of organic and soot aerosols that are inter-
nally mixed and the variability of their mixing state in California during the Carbona-
ceous Aerosols and Radiative Eﬀects Study (CARES) and the Research at the Nexus 10
of Air Quality and Climate Change (CalNex) ﬁeld campaigns in the late spring and early
summer of 2010. Nearly 88% of all A-ATOFMS measured particles (100–1000nm in
diameter) were internally mixed with secondary species, with 96% and 75% of par-
ticles internally mixed with nitrate and/or sulfate in Southern and Northern California,
respectively. Even though atmospheric particle composition in both regions was primar- 15
ily inﬂuenced by urban sources, the mixing state was found to vary greatly, with nitrate
and soot being the dominant species in Southern California, and sulfate and organic
carbon in Northern California. Furthermore, mixing state varied temporally in Northern
California, with soot becoming the prevalent particle type towards the end of the study
as regional pollution levels increased. The results from these studies demonstrate that 20
the majority of ambient carbonaceous particles in California are internally mixed and
are heavily inﬂuenced by secondary species that are most prevalent in the particular
region. Based on these ﬁndings, considerations of regionally dominant sources and
secondary species, as well as temporal variations of aerosol physical and optical prop-
erties, will be required to obtain more accurate predictions of the climate impacts of 25
aerosol in California.
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1 Introduction
Carbonaceous aerosols, comprised of soot and/or organic carbon (OC), aﬀect climate
directly through scattering and absorbing radiation and indirectly by inﬂuencing cloud
formation, albedo, and lifetime (Ackerman et al., 2000; Poschl, 2005; Ramanathan
et al., 2007; Rosenfeld and Givati, 2006). Soot, formed by incomplete combustion pro- 5
cesses, is strongly absorbing and hence plays a key role in aﬀecting climate through
radiative forcing (Jacobson et al., 2000; Kanakidou et al., 2005; Ramanathan and
Carmichael, 2008; Solomon et al., 2007). OC from vehicle, biogenic, and biomass
burning emissions, as well as from secondary aerosol formation, can exhibit a wide
range of optical properties which depend on the mixing state of particles (Hand and 10
Malm, 2007; Jacobson et al., 2000; Kanakidou et al., 2005; Rudich et al., 2007). Soot
and OC particles can form internal mixtures with one another as well as with other sec-
ondary species, such as nitrate, sulfate, and ammonium, which strongly aﬀects their
optical and physical properties (Moﬀet et al., 2010; Prather et al., 2008; Spencer and
Prather, 2006). 15
Internal mixtures of OC and soot increase the absorption coeﬃcient, leading to
greater radiative forcing than predicted for either species alone (Schnaiter et al., 2005;
Schwarz et al., 2008; Moﬀet and Prather, 2009). For example, Schnaiter et al. (2005)
measured absorption ampliﬁcation factors of 1.8 to 2.1 times higher for soot with coat-
ings than without and similarly, Moﬀet and Prather (2009) found an absorption en- 20
hancement of 1.6 for soot particles coated with OC and secondary species over pure
soot. Previous studies determined that water soluble coatings, such as sulfuric acid,
lead to enhanced absorption over that of externally mixed particles (Khalizov et al.,
2009; Naoe et al., 2009). In addition to absorption enhancement, coatings can alter
particle hygroscopicity, which in turn aﬀects the particle’s optical and physical prop- 25
erties, as particles that are more hygroscopic will absorb more water, scatter radia-
tion more eﬃciently, and have a higher potential to become cloud condensation nuclei
(CCN) (Hand and Malm, 2007; Mochida et al., 2006; Wang et al., 2010). Laboratory
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and ﬁeld studies show altered hygroscopicity for photochemically aged soot, due in part
to the condensation of secondary species (Cappa et al., 2011; Furutani et al., 2008;
Petters et al., 2006; Wang et al., 2010). For example, Petters et al. (2006) observed
that as hydrophobic soot particles age they can become hydrophilic due to the addition
of a sulfate or nitrate coating. Wang et al. (2010) determined that nitrate partitioned 5
onto aerosols leads to increased CCN activity. Multiple studies have shown that parti-
cles can acquire coatings rapidly, sometimes in only a few hours, hence the amount of
ambient particles existing as internal mixtures may represent a sizable fraction of total
ambient aerosols (Jacobson, 2001; Riemer et al., 2010; Wang et al., 2010; Moﬀet and
Prather, 2009). In addition, the aerosol optical and CCN activation properties may be 10
sensitive to the degree of internal mixing even after 1 to 2 days (Zaveri et al., 2010).
Despite the importance of mixing state on particle optical and physical properties,
atmospheric models generally represent the particle population as an external mixture
(Koch et al., 2011). Chung and Seinfeld (2002) found the assumption of external mixing
state may lead to as much as ∼ 0.4Wm
−2 underestimation in radiative forcing. Simi- 15
larly, Jacobson estimated that global radiative forcing of soot increases by a factor of
2.9, when varied from an external to an internal mixture (Jacobson, 2001). Addition-
ally, numerous studies have shown the sensitivity of climate to large aerosol perturba-
tions (Leibensperger et al., 2012; Mickley et al., 2012; Kloster et al., 2010; Solomon
et al., 2007). The potentially large eﬀect on radiative forcing calculations due to mix- 20
ing state necessitates empirical measurements to determine the extent of soot and
non-absorbing species, such as OC, present in the atmosphere as internal or external
mixtures.
Single particle mixing state is gradually becoming a more prevalent measurement
in ﬁeld studies (Brands et al., 2010; Gard et al., 1997; Murphy and Thomson, 1995; 25
Zelenyuk and Imre, 2005). Ground-based measurements have shown the large vari-
ability in the mixing state of carbonaceous aerosols, even within just California (Chow
et al., 1993, 2006). For example, Qin et al. (2012) found carbonaceous aerosols in
Riverside, California were internally mixed with sulfate from photochemical processing
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during the summer, while nitrate was the dominant secondary species in the fall due
to semivolatile partitioning of ammonium nitrate. In Bakersﬁeld, California, carbona-
ceous aerosols were found to be internally mixed with ammonium, nitrate, and sulfate
from partitioning of ammonium nitrate and ammonium sulfate (Whiteaker et al., 2002).
An inherent limitation in ground-based measurements is their susceptibility to local 5
sources. Aircraft sampling can cover large areas over short timescales, providing mea-
surements that are indicative of an entire region and therefore may be more useful for
evaluation of model predictions over large areas. Relatively few aircraft studies to date
have measured single particle mixing state (Murphy et al., 2007; Pratt and Prather,
2010; Zelenyuk et al., 2010). Herein, in situ measurements of carbonaceous aerosol 10
mixing state were determined using an aircraft-aerosol time-of-ﬂight mass spectrome-
ter (A-ATOFMS) over two major aircraft campaigns in California during the late spring
and early summer of 2010 to elucidate (1) the fraction of carbonaceous particles that
are internally and externally mixed and (2) diﬀerences in mixing state of carbonaceous
particles between the two regions studied. 15
The Research at the Nexus of Air Quality and Climate Change (CalNex) campaign
sampled aerosols over Southern California, with the goal of understanding the role
of particle composition on air quality and climate change (www.esrl.noaa.gov/csd/
calnex/). A large area of Northern California was characterized during the Carbona-
ceous Aerosols and Radiative Eﬀects Study (CARES), a study that sought to follow 20
the evolution of soot as particles are transported from fresh urban sources in Sacra-
mento into the more remote Sierra Nevada foothills (campaign.arm.gov/cares/). These
two studies conducted consecutively in May and June 2010 provide an assessment of
particle mixing state throughout most of California.
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2 Experimental
2.1 Aircraft Aerosol Time-of-Flight Mass Spectrometer
A description of the A-ATOFMS is given in detail elsewhere (Pratt et al., 2009). In
brief, the A-ATOFMS measures the vacuum aerodynamic diameter (dva) and chemi-
cal composition of single particles in real time for particles between ∼ 100–1000nm. 5
After passing a Po
210 neutralizer and pressure controlled inlet (Bahreini et al., 2008),
particles are focused through an aerodynamic lens (Liu et al., 1995a,b), where they
are accelerated to their aerodynamic terminal velocity. The particles then pass through
two continuous wave 532nm lasers (JDSU) spaced 6.0cm apart. The time diﬀerence
between the scattering signals is used to calculate the velocity and size (dva) of the 10
particle. The velocity is used to queue the ﬁring of a 266nm Q-switched Nd : YAG
laser (Quantel), operating at 0.5–1.5mJ, for desorption and ionization of the particle.
Dual polarity mass spectra are acquired after ions pass through a time-of-ﬂight mass
spectrometer (Tofwerk). The particle source is determined using positive spectra, while
negative spectra provide information on the secondary species and chemical process- 15
ing that the particle has undergone (Guazzotti et al., 2001; Noble and Prather, 1996;
Prather et al., 2008).
Single-particle mass spectra were imported into Matlab (The MathWorks, Inc.) us-
ing the YAADA software toolkit (www.yaada.org). An adaptive resonance theory-based
clustering algorithm (ART-2a, vigilance factor of 0.80, learning rate of 0.5, 20 iterations, 20
and regroup vigilance factor of 0.85) was used to group spectra into clusters based on
similar mass spectral characteristics (Allen, 2002; Rebotier and Prather, 2007; Song
et al., 1999). Data from each campaign were grouped and then analyzed separately us-
ing ART-2a. Greater than 95% of ART-2a analyzed particles were grouped into clusters
which were further combined manually into 11 general particle types based on charac- 25
teristic ion markers. Mass spectral peaks were identiﬁed according to the most prob-
able ions at a given mass-to-charge (m/z) ratio. Particle source classiﬁcations were
established based upon characteristic peaks identiﬁed in previous studies, however
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these labels do not reﬂect all of the species present in a particle type, i.e. the presence
of secondary species such as sulfate or nitrate. Calculated standard errors of number
fractions were small, < 1%, hence were not included in this discussion.
2.2 CalNex – Southern California
Measurements were taken onboard the Center for Interdisciplinary Remotely-Piloted 5
Aircraft Studies (CIRPAS) Twin Otter. Flight operations were based out of Ontario, CA
through the Guardian Jet center, a part of the Los Angeles (LA)/Ontario international
airport. There were nine ﬂights during the study period of 5–18 May 2010, with each
ﬂight lasting ∼ 4h with a usual start time of ∼ 11a.m. local time (PDT). All ﬂight tracks
are shown in Fig. 1 and ﬂight dates can be found in SI Table 1. Flights were focused 10
in the LA basin, often making multiple circuits over the area. Results from the CalNex
campaign are referred to as Southern California hereafter. Particle concentrations and
size from 100–3000nm were measured by a Passive Cavity Aerosol Spectrometer
Probe (PCASP), and two Condensation Nuclei Counters (CPC, TSI models 3010 and
3025), detecting particles down to 10 and 3 nm, respectively. The A-ATOFMS collected 15
data for 8 out of 9 ﬂights, measuring the chemical composition and size of 75,969
particles during this study.
2.3 CARES – Northern California
Flights were operated out of the McClellan airﬁeld in Sacramento, CA from 2–28 June
2010 onboard the Department of Energy Gulfstream-1. This study focused on the sur- 20
rounding urban Sacramento area and Sierra Nevada foothills, thus results from this
campaign are interchangeably referred to as Northern California. Usually each sam-
pling day consisted of a ﬂight in the morning, ∼ 8a.m. local, and in the afternoon,
∼ 2p.m. local, with most ﬂights lasting ∼ 4h. Flight dates are given in SI Table 1, while
the ﬂight paths for all 22 ﬂights during the study are shown in Fig. 1. More details on 25
the campaign and instrumentation aboard the aircraft can be found elsewhere (Zaveri
18425ACPD
12, 18419–18457, 2012
The mixing state of
carbonaceous
aerosol particles
J. F. Cahill et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
et al., 2012). Gas-phase concentrations of SO2 and NOx, as well as other species
were measured in ﬂight. Total condensation nuclei (CN) concentrations were mea-
sured using the same CPC models used in the CalNex campaign (TSI models 3010
and 3025). Number concentration and size for particles with sizes from 55–1000nm
were detected using an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) probe 5
(Droplet Measurement Technologies). For direct comparisons of gas-phase species
and particle concentrations between CalNex and CARES, representative average con-
centrations were calculated using data from the California Air Resources Board (CARB,
http://www.arb.ca.gov) ground based measurements from North Main Street in LA and
from Del Paso Manor in Sacramento to represent CalNex and CARES, respectively. 10
The A-ATOFMS was on-line for 20 of 22 total ﬂights, chemically analyzing 60,230 par-
ticles.
3 Results
3.1 Particle sources throughout California
As shown in Fig. 2a, predominant particle sources by number fraction in the bound- 15
ary/residual layers of both campaigns were identiﬁed as biomass burning (BB), highly
processed (HP), soot mixed with OC (Soot-OC), OC, and soot, which represented 28,
22, 21, 16, and 5% of total particle counts measured by the A-ATOFMS in both stud-
ies, respectively. BB originated from agricultural and residential burning, which is most
prevalent in the rural regions of Northern California. These spectra are characterized 20
by an intense potassium peak at m/z
39K
+ (Fig. 3a) in addition to less intense OC and
soot peaks at m/z
12C
+,
24C
+
2,
27C2H
+
3/CHN
+,
29C2H
+
5,
36C
+
3, and
43C2H3O
+/CHNO
+
(Bi et al., 2011; Guazzotti et al., 2001; Hudson et al., 2004; Silva et al., 1999). HP
are particles for which only negative ion spectra were acquired. Since the core, which
is shown in the positive ion spectra, was not obtained, the source of these particles 25
cannot be identiﬁed, but they are hypothesized to be carbonaceous particles that have
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undergone extensive processing. Size distributions of these particles are nearly iden-
tical to those of Soot-OC particles (R
2 = 0.98) and to a lesser extent BB and OC par-
ticles (R
2 = 0.93 and 0.89, respectively), lending support to the hypothesis that they
are most likely heavily coated soot particles. Thus, these particles will be included as
carbonaceous aerosol in subsequent discussions. 5
Soot-OC, formed primarily through fossil fuel combustion and subsequent coag-
ulation with or condensation of semivolatile organic species, has intense C
+
n peaks
(
12C
+,
24C
+
2,
48C
+
3) with weaker OC peaks, m/z
27C2H
+
3,
29C2H
+
5,
37C3H
+,
39C3H
+
3/K
+,
43C2H3O
+ (Spencer and Prather, 2006; Moﬀet and Prather, 2009) (Fig. 3b). Peaks
at m/z
27C2H
+
3/CHN
+,
29C2H
+
5,
37C3H
+,
39C3H
+
3/K
+, and
43C2H3O
+/CHNO
+ are in- 10
dicative of OC species from vehicle and biogenic emissions (Fig. 3c). Peaks at m/z
50C4H2/C3N
+,
59C3H9N
+, and peaks at m/z
12C
+,
24C
+
2,
48C
+
3, similar to soot, were
occasionally also seen on OC particles but at signiﬁcantly lower relative intensities
(Spencer and Prather, 2006). Figure 3d shows soot spectra which consist of almost
entirely C
+
n peaks out to the high mass range, i.e. m/z
12C
+,
24C
+
2...
180C
+
15, and C
−
n 15
peaks from m/z
12C
−,
24C
−
2...
72C
−
6 in negative spectra. Other carbonaceous and non-
carbonaceous particle types like vanadium mixed with OC (V-OC) (Ault et al., 2009),
high mass OC (HMOC) (Silva and Prather, 2000), amine (AM) (Angelino et al., 2001;
Pratt and Prather, 2010; Sorooshian et al., 2008), biological (BIO) (Fergenson et al.,
2004; Pratt and Prather, 2010; Russell, 2009), dust (D) (Pratt and Prather, 2010; Silva 20
and Prather, 2000), and sea salt (SS) (Gard et al., 1998) each represented < 3% of
total aerosol and are described in detail in the Supplement. Negative ion spectra were
absent in 13% of particles for both studies, with the majority of these occurring dur-
ing the CARES (24%) rather than the CalNex campaign (4%). This is dependent on
both instrument sensitivities and the amount of processing the particle has undergone. 25
A more detailed discussion of only positive ion spectra is given in the Supplement.
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3.2 Particulate secondary species in California
For particles with the same base chemical signature (i.e. biomass, soot, OC, etc.),
relative peak areas (RPA) qualitatively reﬂect the amount of a species on a particle
in relation to other species (Bhave et al., 2002; Gross et al., 2000; Prather et al.,
2008). Previous studies in California have shown that the presence of ammonium ni- 5
trate (Sorooshian et al., 2008; Langridge et al., 2012) and ammonium sulfate (Qin
et al., 2012) can inﬂuence single particle mixing state. During this study, partitioning of
methanesulfonic acid (MSA) and organosulfate (OS) to particles was likely to occur in
the vicinity of marine and heavily forested areas where MSA and OS, respectively, orig-
inate (Gaston et al., 2010; Hatch et al., 2011). To examine the mixing state of particles 10
with biogenic, marine, and anthropogenic species, single particle mixing state was ex-
amined by identifying peaks of ammonium (
18NH
+
4), sulfate (
97HSO
−
4,
195H2SO4HSO
−
4),
nitrate (
46NO
−
2,
62NO
−
3,
125H(NO3)
−
2) (Silva and Prather, 2000), MSA (
95CH3SO
−
3) (Gas-
ton et al., 2010), and/or OS (derived from glycolic acid (m/z −155), 2-methylglyceric
acid (m/z −199), and isoprene epoxydiol (m/z −215)) (Hatch et al., 2011). Other 15
secondary species were investigated, but no signiﬁcant trends were seen. A particle
is considered to contain these species if the RPA for m/z ratios indicative of those
species exceeds 0.5% of the mass spectrum. For example, a particle contains sulfate
if the RPA at m/z −97 or −195 is greater than 0.5% of the ions in the entire mass
spectrum. 20
Most particles in California were found to be internally mixed with secondary species,
with nearly 88% of particles containing sulfate, nitrate, MSA, OS, or ammonium indi-
vidually or internally mixed together. Commonly, particles contained sulfate (82%) or
nitrate (82%), and 76% of particles had both, but, as discussed below, the magnitude
of these species varied greatly between Southern and Northern California. 25
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3.3 Southern California aerosol mixing state
In the LA basin, frequently capped by a temperature inversion, a prevailing sea breeze
transports air to the east toward the outﬂow pathways for the basin. Most Twin Ot-
ter ﬂights in Southern California were carried out at low altitudes, < 700m, sampling
within the boundary layer. The number fractions of the main carbonaceous aerosol 5
types from Southern California diﬀered greatly from those in California as a whole, as
shown in Fig. 2b. Particles were generally highly aged, as seen by the high fraction of
HP aerosols in the region (33%). Particles are often entrained within the basin, where
they can undergo signiﬁcant atmospheric processing (Schultz and Warner, 1982; Ul-
rickson and Mass, 1990). Soot-OC, BB, OC, and soot were the other main particle 10
types present, comprising 21, 18, 13, and 7% of A-ATOFMS total particle counts in
Southern California. V-OC, AM, HMOC, and BIO represented 3.0, 0.8, 1.4, and 0.5% of
total particles, respectively. Excluding HP particles, nearly 96% of submicron particles
measured by the A-ATOFMS in Southern California contained carbonaceous material.
Representative soot (
36C
+
3,
48C
+
4,
60C
+
5) and OC (
27C2H
+
3,
29C2H
+
5,
37C3H
+, 15
43C2H3O
+) ions > 0.5% of the mass spectrum were present in 62% and 63% of total
particles, respectively (Fig. 4, left panel) (Spencer and Prather, 2006). Normally soot
is emitted at sizes below the detection limit of the instrument (100nm). The fact that
particles with intense soot peaks were seen indicates that soot particles had grown
into the A-ATOFMS size range. Secondary species, such as nitrate, sulfate, and OC, 20
contribute to this growth, but the extent each component plays in particle growth is
unknown. OC RPA cannot be compared directly to sulfate and nitrate RPA as their ion
formation mechanisms are diﬀerent. However, OC and soot RPAs can be compared to
determine the relative amount of OC mass on a particle. If the magnitude of OC peaks
is low, then other species must have contributed to the growth of soot into larger sizes. 25
To elucidate the magnitude of soot with OC in the same particle, a ratio of OC : soot
was calculated by dividing the total RPA for each species by the other. These ratios
form a distribution of values that represents all of the variance in magnitude of these
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species on particles ranging from pure OC to pure soot. Since these ratios are calcu-
lated for a single particle, they are not dependent on laser ﬂuence or matrix eﬀects,
assuming that the entire particle is completely ablated and that matrix eﬀects suppress
the selected ions equally (Morrical et al., 1998; Wenzel and Prather, 2004). It should
be noted that OC particles could contain a soot core that was not ablated fully, which 5
would aﬀect these calculations, and that HP particles were not included in this analysis
since they did not contain positive ions (Steele et al., 2003; Morrical et al., 1998; Pratt
and Prather, 2009).
OC : soot ratios for particles in Southern California are shown in Fig. 4, right panel.
For visual clarity, the OC : soot ratio has been normalized so that ratios < 1 will ap- 10
proach −1 as it proceeds to −∞ (i.e. soot without OC) and a ratio > 1 will approach 1
as the ratio proceeds to +∞ (i.e. OC without soot). Further details on these calculations
can be found in the Supplement. It should be emphasized that as ratios approach −1
or 1, they are exponentially increasing, while nearing zero the RPA of each species is
essentially the same. As expected, a distribution of OC : soot ratios exists, demonstrat- 15
ing the variability in mixing state observed in Southern California. As shown in Fig. 4,
right panel, a nearly equal number of particles have ratios above and below 0, although
pure soot has nearly seven times as many particles as pure OC. On days when OC
dominates the mass spectra, inﬂuences from BB were signiﬁcant, which is expected
since BB is composed of nearly 62% OC by mass for smoldering ﬁres (Reid et al., 20
2005). Soot likely originated from fossil fuel vehicle emissions in the LA basin (Ying
and Kleeman, 2006).
Most particles in Southern California had been processed to some degree, as indi-
cated by ∼ 96% of particles producing negative ion spectra with secondary species.
Similarly, Metcalf et al. (2012) found that most soot particles were present with coat- 25
ings of varying thicknesses during the CalNex study. Nitrate appeared on 95% of
particles, with 90% of particles containing sulfate peaks (Fig. 5, left panel). Ratios of
sulfate : nitrate RPAs, calculated in the same manner as OC : soot ratios, for every par-
ticle (including HP) are shown in Fig. 5, right panel. Most particles contain more nitrate
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than sulfate, but still a signiﬁcant number of particles contain more sulfate than nitrate.
This largely corroborates reported ﬁndings from other measurements during CalNex
(Langridge et al., 2012; Metcalf et al., 2012). To see if there is preferential partition-
ing of nitrate or sulfate to any particular source, the ratios in Fig. 5, right panel were
split into particle sources. Most particle sources have very similar ratio distributions 5
that cover a wide range of sulfate : nitrate values, indicating that nitrate and sulfate par-
titioned to particles regardless of the original source/core. SS and V-OC are the only
exception, as both of these types are present with ratios exclusively favoring nitrate. Ni-
trate is known to heterogeneously replace chloride on SS particles as they age, which
may explain the preference of nitrate to SS observed in peak ratios (Gard et al., 1998). 10
Ault et al. (2010) measured V-OC particles near to the emission source and hypoth-
esized that vanadium acted as a catalyst to produce sulfate from SO2. In the present
work particles were measured farther from the source and are processed to a higher
degree such that nitrate might have replaced sulfate on those particles. This analysis
demonstrates that peak ratio distributions may be used to identify diﬀerent processing 15
mechanisms when preferential partitioning of species to distinct types is observed.
Large nitrate fractions can be attributed to high NOx concentrations over Los Ange-
les, an average of 32ppb for the study period (CARB). In addition, ammonium nitrate
originates from animal husbandries surrounding the Los Angeles area near Chino,
which have been shown to be a large source of ammonia in the region (Kleeman and 20
Cass, 1998; Singh et al., 2002; Sorooshian et al., 2008; Ying and Kleeman, 2006).
Ammonium was found to be present in 37% of total particles, so the high nitrate seen
in CalNex could in part be due to the presence of ammonium nitrate. Nearly 98% of
particles internally mixed with sulfate were also mixed with nitrate, whereas only 93%
of particles internally mixed with nitrate were mixed with sulfate in Southern California. 25
MSA was present on 52% of total particles in Southern California, indicating that sul-
fate originating from marine sources was prevalent in the region, as expected due to
the close proximity of LA to the ocean (∼ 30km) (Ying and Kleeman, 2006). A small
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fraction of particles contained organosulfate peaks (28%), likely due to smaller bio-
genic inﬂuence in the LA basin.
3.4 Northern California aerosol mixing state
The Sacramento region is characterized by consistent southwesterly ﬂow that carries
air into the Sierra Nevada foothills during the day and recirculates the air back towards 5
Sacramento at night, forming a residual layer of aged air the next day (Zaremba and
Carroll, 1999; Fast et al., 2012). Most ﬂights sampled at low altitudes, < 700m, in either
the boundary layer or residual layer. Number fractions of particles in Northern California
are shown in Fig. 2c. Unlike in Southern California, BB represented a more signiﬁcant
fraction of particles (41%), due to increased residential and agricultural burning in the 10
rural regions in Northern California. HP particles did not represent as large a fraction in
Northern California, comprising only 9% of particles versus 33% in Southern Califor-
nia. Furthermore, only 76% of particles contained negative ion spectra, suggesting that
particles in Northern California had not undergone as much processing as in Southern
California. Often the lack of negative ion spectra is attributed to the presence of water 15
(Neubauer et al., 1998, 1997), however relative humidity (RH) was lower on average
during the CARES study (39±14%) compared to CalNex (49±30%), hence the po-
tential impact of water on suppressing negative ion spectra should be less relative to
CalNex.
As was observed in Southern California, OC and soot-OC comprised a signiﬁcant 20
fraction of total aerosol in Northern California, 21% and 20%, respectively. Pure soot
was present at lower number fractions (3%) than in Southern California (7%), though
a better representation of soot and OC content can be found through peak areas and
peak area ratios. Signiﬁcant soot and OC peaks were found in 84% and 87% of total
particles, respectively (Fig. 6, left panel). Single particle ratios of OC : soot (Fig. 6, right 25
panel), which are directly comparable between studies, indicates that OC was more
signiﬁcant in Northern California as compared to Southern California, with nearly 64%
of ratios > 1, hence having greater OC content. This fraction is signiﬁcantly higher than
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that in Southern California (48%) and is likely due to the heavily forested Sierra Nevada
foothills lying to the northeast of Sacramento, which act as a source of biogenically
derived OC particles.
In contrast to Southern California, most particles in Northern California were primar-
ily mixed with sulfate rather than with nitrate. Sulfate peaks were internally mixed with 5
72% of particles in Northern California (Fig. 7, left panel). Of those particles containing
sulfate, 59% contained nitrate, though sulfate markers were usually many times more
prominent than nitrate markers on the same particle. Few particles contained only ni-
trate (∼ 3%), while 13% of particles comprised only sulfate. Figure 7, right panel shows
the sulfate : nitrate ratios for particles containing sulfate or nitrate in Northern California. 10
80% of particles contained more sulfate than nitrate and ∼ 51% of those particles had
a ratio > 10 : 1. Similar to Southern California, ratios covered a wide range of values,
though in Northern California ratio distributions did not indicate preferential partitioning
of sulfate or nitrate to any particle type, with the exception of SS which was present with
high ratios of nitrate, as in Southern California. The decreased prevalence of nitrate in 15
Northern California can be attributed to lower NOx emissions in Northern California
as compared to Southern California, with 1h averages of 4 and 32ppb, respectively,
from measurements at ground sites in Sacramento and LA (CARB). Ammonium was
present in amounts similar to those in Southern California, representing nearly 42%
of total particles, suggesting the presence of ammonium sulfate. Recently published 20
ﬁndings from AMS measurements at the T1 rural ground site during CARES, near the
Sierra Nevada foothills, determined that much of particulate sulfate was indeed present
as ammonium sulfate (Setyan et al., 2012).
One can gain insight into the source of sulfur species by examining the presence of
MSA (originating from marine air) and OS (originating from biogenic aerosol) on single 25
particles. While OS and MSA peaks were detected on 35% and 50% of particles, re-
spectively, sulfate was present on 72% of particles, and usually exhibited higher peak
intensities. Fast et al. (2012) hypothesized that a signiﬁcant fraction of SO2 present in
the CARES region originates from the oil reﬁneries in the Carquinez Strait, near San
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Francisco, as no substantial sources of SO2 exist in the Sacramento area. While an-
thropogenic SO2 from this source is likely responsible for the high sulfate present on
single particles, some days were observed to have high fractions of particles containing
OS and MSA, indicating signiﬁcant contributions from natural sources. For example, on
14 June, nearly 70% of the particles contained OS, and on 3 June, 72% of particles 5
contained MSA. These elevated fractions occurred toward the beginning of the study
and, as will be discussed in the following section, particle composition exhibited signif-
icant temporal variability during the CARES study.
3.5 Temporal diﬀerences in Northern California aerosol: NoCal-1 and NoCal-2
The particle sources during CalNex were quite stable over the duration of the study. 10
However, a noticeable shift in particle composition, particulate mass, and meteorol-
ogy occurred during CARES after 21 June (SI Fig. 1). The sources and processes
contributing to these two periods were quite diﬀerent. To examine these diﬀerences in
detail, the CARES study was separated into two periods, Northern California-1 (NoCal-
1) and Northern California-2 (NoCal-2), representing ﬁghts from 2–19 June 2010 and 15
21–28 June 2010, respectively. NoCal-1 was relatively clean compared to NoCal-2,
which was inﬂuenced more by local sources, evidenced by an increase of particulate
matter < 2.5µm (PM2.5) by 12% measured at the CARB Del Paso Manor site, from 5.7
to 8.0µgm
−3 for NoCal-1 and NoCal-2, respectively. Mean gas-phase concentrations
of SO2 and NOx measured in ﬂight increased as well from NoCal-1 to NoCal-2 by 23% 20
and 25%, respectively. Similarly, Fast el al. described increased O3 and weaker winds
during the same approximate period as NoCal-2 (Fast et al., 2012). Mean CPC particle
concentrations decreased by ∼32% (using CPC model 3025), while larger particles
measured by the UHSAS, which are detected more eﬃciently by the A-ATOFMS, in-
creased in number by 56%. Correspondingly, A-ATOFMS average particle counts per 25
ﬂight increased between the ﬁrst and second half of CARES by 71%.
As shown in SI Fig. 1, the relative fractions of particle types for each ﬂight dur-
ing CARES change after 19 June 2010, which coincides with an increase in average
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PM2.5 mass. NoCal-2 exhibited signiﬁcantly higher fractions of Soot-OC and BB than
in NoCal-1 (Fig. 8), an increase of 17 and 19%, respectively, and a corresponding
decrease in the fraction of OC, suggesting less biogenic inﬂuence in the region. In-
terestingly, particulate chemistry in NoCal-2 and Southern California was remarkably
similar, with the exception of the relative magnitudes of sulfate and nitrate on parti- 5
cles. Since it is unlikely that a new source of soot emerged from Sacramento during
NoCal-2, the increased detection of soot-containing particles resulted from the growth
of preexisting soot particles through condensation of organic vapors and SO2, mani-
fested as more soot-OC mixed with sulfate in A-ATOFMS data. The number fractions
of particles containing peaks of soot, 75% and 90%, and OC, 78% and 93%, for 10
NoCal-1 and NoCal-2, respectively, were similar in magnitude during both periods but
increase in NoCal-2 (Fig. 9, left panel). However, a comparison of the OC : soot ratio
distributions from NoCal-1 to NoCal-2 indicates a shift in the OC : soot ratio distribution
towards a nearly identical distribution as that observed in Southern California (Fig. 4,
right panel), where nearly half of the ratios favored soot (Fig. 9, right panel). In contrast, 15
the OC : soot ratio distribution for NoCal-1 (Fig. 9, right panel) was dominated by OC.
Higher CPC concentrations during NoCal-1 indicate that soot particles were present
over the urban Sacramento region during this ﬁrst period, but at sizes below the A-
ATOFMS detection limit (< 100nm). A-ATOFMS size distributions were broader for
NoCal-2, also indicative of growth of particles (SI Fig. 2). During NoCal-1, OC content 20
can primarily be attributed to biogenically derived OC from the surrounding forested
regions, whereas during NoCal-2 OC primarily existed as a coating on a soot core sim-
ilar to observations in Southern California. With higher NOx emissions, soot particles
in LA exhibit higher number fractions mixed with nitrate observed by the A-ATOFMS.
Similarly to LA, higher SO2 and NOx concentrations during NoCal-2 led to the faster 25
growth of soot, and an increase in the fraction of ratios favoring soot measured by the
A-ATOFMS.
Sulfate : nitrate ratio distributions were relatively unchanged between NoCal-1 and
NoCal-2 (SI Fig. 3). However, the fractions of MSA and OS on total particles decreased
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signiﬁcantly from NoCal-1 to NoCal-2, from 66% to 38% and 49% to 24% for MSA and
OS, respectively. One concludes that during NoCal-1 particulate sulfate was heavily
inﬂuenced by natural sources, while during NoCal-2 anthropogenic sources dominated.
3.6 Comparison between Northern and Southern California aerosol mixing
state 5
The most striking diﬀerence between mixing states in Northern and Southern Cali-
fornia is the greater magnitude of single particles mixed with sulfate in the north and
nitrate in the south. Figure 10 shows the diﬀerence in RPA from averaged BB, OC,
and Soot-OC mass spectra obtained in Southern (top) and Northern (bottom) Califor-
nia. Positive intensities indicate peaks that were more prevalent in Southern California 10
while negative intensities indicate prevalence in Northern California. All three particle
types clearly indicate more intense sulfate peaks in the north and more intense nitrate
peaks in the south. Both Langridge et al. (2012) and Metcalf et al. (2012) found signif-
icant contributions of nitrate and OC to the aerosol in LA as well. In contrast, previous
ground-based measurements in the LA and port of Long Beach areas found higher 15
fractions of sulfate on particles (Pastor et al., 2003; Whiteaker et al., 2002; Qin et al.,
2012), and recent ﬁndings during the CalNex ship campaign (Gaston et al., 2012) ob-
served a higher abundance of sulfate in Southern California than Northern California,
though the latter is likely more indicative of port regions which are known to have large
sources of sulfate from ship emissions (Ault et al., 2009). 20
The contributions of soot and OC to single particle mixing state were found to vary
greatly depending upon the region, with soot having a larger inﬂuence in the south and
OC being more prevalent in the north, as shown by measured OC : soot ratios. The
largest diﬀerence in the nature of particles between Southern California and Northern
California occurred during NoCal-1, when the inﬂuence of biogenic OC was the great- 25
est in the north. During this period, the number fraction of OC particles was nearly 18%
higher in the north than in the south. Both NoCal-2 and Southern California aerosol ex-
hibited similar chemistry, with most particles containing a soot core with OC, sulfate,
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and nitrate coatings, though the large diﬀerence in magnitude between sulfate and
nitrate peaks in each region is a persistent feature. Distributions of OC : soot ratios
during NoCal-2 and Southern California (Fig. 6 and 9) correlate very well, R
2 = 0.92,
as compared to NoCal-1 and Southern California, R
2 = 0.56, highlighting the similarity
between NoCal-2 and Southern California. 5
4 Conclusions
Two aircraft ﬁeld campaigns, CalNex and CARES, provide insight into the distribution
and mixing state of carbonaceous aerosols in California during the late spring and early
summer of 2010. Most submicron particles (∼ 97%) in California contain carbonaceous
material, and nearly 88% of all particles show signs of atmospheric aging. Particles 10
are internally mixed with secondary species, including sulfate, nitrate, MSA, OS, and
ammonium. Most strikingly, nitrate is more prevalent on particles in Southern California,
whereas this is the case for sulfate in Northern California. This suggests that diﬀerent
sources are impacting particles in the two regions.
OC : soot ratio distributions in Southern California show that most particles are 15
soot-dominated with an OC coating, whereas OC-dominated particles from biogenic
sources are more prevalent in Northern California. Single-particle measurements also
show that many particles contain both OC and soot, which will lead to increased radia-
tive absorption and scattering (Schnaiter et al., 2005; Schwarz et al., 2008; Moﬀet and
Prather, 2009). A shift in chemistry was observed during the latter half of the CARES 20
campaign, from OC-dominant to soot-dominant, as particles in Northern California be-
came very similar to particles in Southern California. In addition, total PM2.5 reﬂected
this change in particle composition, as PM2.5 concentrations increased signiﬁcantly in
the latter half of the study. This suggests similar particle mixing states are present
during periods of relatively higher PM2.5 levels in California. Thus, regionally speciﬁc 25
mixing states, as well as temporal changes in mixing state, will need to be taken into
account for accurate regional aerosol-climate modeling.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/18419/2012/
acpd-12-18419-2012-supplement.pdf.
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Fig. 1. Operational areas for CARES and CalNex. All ﬂight paths are overlaid on each other.
Yellow dots represent Sacramento (CARES) and Los Angeles (CalNex).
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Fig. 2. Number fractions of A-ATOFMS particle sources, determined by the most dominant ions
in A-ATOFMS mass spectra, for California (a), Southern California (b), and Northern California
(c).
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Fig. 3. A-ATOFMS particle types for the main carbonaceous species, (a) biomass burning (BB),
(b) soot mixed with organic carbon (Soot-OC), (c) organic carbon (OC), and (d) soot. A wide ar-
ray of negative ions, indicative of secondary species, were observed on these particle sources,
hence are not show here, but common negative ions are discussed in text and can be found in
Fig. 10.
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Fig. 4. Fraction of particles containing soot and OC RPA > 0.5% in Southern California (left
panel). Single particle OC : soot peak ratio distributions are shown in (right panel). Values < 0
indicate more soot than OC on single particles and values > 0 indicate more OC than soot.
Ratios representing 1 : 1, 2 : 1, and 10 : 1 are shown by solid, dotted, and dashed lines, respec-
tively.
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Fig. 5. Fraction of particles containing sulfate and nitrate RPA > 0.5% in Southern Califor-
nia (left panel). Sulfate : nitrate peak ratio distributions are shown in (right panel). Values < 0
indicate more nitrate than sulfate and values > 0 indicate more sulfate than nitrate. Ratios
representing 1 : 1, 2 : 1, and 10 : 1 are shown by solid, dotted, and dashed lines, respectively.
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Fig. 6. Fraction of particles containing soot and OC RPA > 0.5% in Northern California (left
panel). OC : soot peak ratio distributions are shown in (right panel). Values < 0 indicate more
soot than OC and values > 0 indicate more OC than soot. Ratios representing 1 : 1, 2 : 1, and
10 : 1 are shown by solid, dotted, and dashed lines, respectively.
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Fig. 7. Fraction of particles containing sulfate and nitrate RPA > 0.5% in Northern Califor-
nia (left panel). Sulfate : nitrate peak ratio distributions are shown in (right panel). Values < 0
indicate more nitrate than sulfate and values > 0 indicate more sulfate than nitrate. Ratios rep-
resenting 1 : 1, 2 : 1, and 10 : 1 are shown by solid, dotted, and dashed lines, respectively.
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Fig. 8. Number fractions of A-ATOFMS particle types for two periods in the CARES campaign,
NoCal-1 and NoCal-2.
18455ACPD
12, 18419–18457, 2012
The mixing state of
carbonaceous
aerosol particles
J. F. Cahill et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 9. Fraction of particles containing soot and OC with RPA > 0.5% in NoCal-1 (blue) and
NoCal-2 (red) (left panel). OC : soot peak ratios are shown in (right panel). Values < 0 indicate
more soot than OC and values > 0 indicate more OC than soot. Ratios representing 1 : 1, 2 : 1,
and 10 : 1 are shown by solid, dotted, and dashed lines, respectively.
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Fig. 10. Spectral diﬀerence plots of (a) BB, (b) OC, and (c) Soot-OC particles from south-
ern (top) and northern (bottom) California. Secondary species show the greatest diﬀerence
between the two regions.
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